Australopithecus ratio from a chimpanzee data set from 0.8% to 1.5% for the femoral head and from 0.1% to 0.02% for the ankle joint. However, these results should be considered preliminary until full descriptions of these new fossils are published.
It has long been argued that modern human mothers give birth to proportionately larger babies than apes do. Data presented here from human and chimpanzee infant:mother dyads confirm this assertion: humans give birth to infants approximately 6% of their body mass, compared with approximately 3% for chimpanzees, even though the female body weights of the two species are moderately convergent. Carrying a relatively large infant both preand postnatally has important ramifications for birthing strategies, social systems, energetics, and locomotion. However, it is not clear when the shift to birthing large infants occurred over the course of human evolution. Here, known and often conserved relationships between adult brain mass, neonatal brain mass, and neonatal body mass in anthropoids are used to estimate birthweights of extinct hominid taxa. These estimates are resampled with direct measurements of fossil postcrania from female hominids, and also compared with estimates of female body mass to assess when human-like infant:mother mass ratios (IMMRs) evolved. The results of this study suggest that 4.4-Myr-old Ardipithecus possessed IMMRs similar to those found in African apes, indicating that a low IMMR is the primitive condition in hominids. Australopithecus females, in contrast, had significantly heavier infants compared with dimensions of the femoral head (n = 7) and ankle (n = 7) than what is found in chimpanzees, and are estimated to have birthed neonates more than 5% of their body mass. Carrying such proportionately large infants may have limited arboreality in Australopithecus females and may have selected for alloparenting behavior earlier in human evolution than previously thought. climbing | hominin | Homo | cooperative breeding H uman mothers give birth to relatively large neonates (1) (2) (3) (4) (5) .
In catarrhine primates, there is a strong allometric relationship between the mass of the mother and the mass of an infant, with a R 2 of 0.98 and slope of 0.69 (6) (Fig. S1 ). From this linear regression, it is expected that humans should give birth to infants that are 2 to 2.2 kg (2, 7) . However, humans are exceptional, and have newborns weighing 50% more than expected, averaging more than 3 kg (Table S1 ). Birthing larger infants not only causes obstetric difficulties, but also introduces the energetic and biomechanical challenge of transporting a relatively large, helpless newborn. This is particularly the case for pretechnological, upright walking hominids, some of which had reduced pedal grasping abilities. Thus, it has generally been argued that many of the uniquely human life history features, such as birthing large helpless infants, extended juvenile period, extended lifespan, and shorter interbirth interval may have emerged with the more technologically adept Homo erectus (4, 5, 8) .
Previous work has shown that there is a strong allometric relationship (R 2 = 0.97; m = 0.73) between the size of the brain as an adult and the size of the brain at birth in catarrhine primates (9) . This relationship has been used to predict the size of the brain at birth in extinct hominid species, a model that has since been independently supported with fossil evidence (10, 11) (Table S2 ). Neonatal brain mass estimates can in turn be used to generate estimates of neonatal body mass (NBM) because of the isometric relationship between brain and body mass at birth across anthropoids (R 2 = 0.92; m = 0.94) (6) . In fact, it has been argued that neonatal primates are all born with 12% of their body mass consisting of brain tissue (2, 12, 13) . However, this 12% "rule" does not apply to apes. At birth, apes possess a brain that is 10% of body mass whereas a newborn human's brain is on average 12.3% of body mass (Table S3 ). Given that brain mass at birth can be estimated from adult cranial capacities in fossil hominids (9) , NBM estimates for extinct hominid taxa can then be calculated by using an ape model (10%) or a human model (12.3%) .
This study calculates a range of NBMs in extinct hominid taxa and presents these data relative to direct measures of femoral head diameter (FHD) and the width of the ankle joint in female Australopithecus specimens (Table S4 ). To avoid the inherent error of predictions by regression, these ratios are compared with resampled distributions of chimpanzee NBMs (n = 50) with both female FHD (n = 46) and tibial dimensions (n = 20) as explained in Materials and Methods. Calculated NBMs are also compared with the estimated body mass of adult female hominids (14-16). Infant:mother mass ratios (IMMRs) are calculated by using average female and neonatal masses from human populations spanning the globe (n = 18). Additionally, and more importantly, extinct hominid IMMRs are compared with data from actual infant:mother dyads for chimpanzees (n = 47) and modern humans (n = 2,607) rather than solely from population means.
In this study, two hypotheses are tested. The first is a more rigorous test of the long-held hypothesis that humans birth proportionately heavier infants than chimpanzees do, and that the chimpanzee condition is the primitive one for hominids. The second hypothesis tested is that Australopithecus possessed a primitive, chimpanzee-like IMMR.
Results and Discussion
Chimpanzees give birth to infants that are 3.3% the mass of the mother [95% confidence interval (CI), 3.0-3.5%; Table 1 ]. These data from the Yerkes National Primate Research Center (YNPRC; Atlanta, GA) are consistent with two other chimpanzee populations (Table S1) , although more reliable given that the YNPRC data sample actual infant:mother dyads rather than comparing population averages. Infant:mother dyad data are not available for gorillas, although a sample of infant masses (n = 107) (17) compared with mean female body mass in captivity (18) yields an IMMR of 2.7% (95% CI. 2.6-2.8%; Table 1 ). This lower IMMR in gorillas is expected given that NBM scales with negative allometry (Fig. S1) .
A large sample (N = 2,607) of modern human infant:mother dyads from the Cebu (Philippines) Longitudinal Health and Nutrition Survey yields an IMMR of 6.1% (95% CI, 6.05-6.13%; Table 1 ). Data from 18 human populations for which both infant and mother's mass averages and SDs are available (total, N = 11,317) demonstrate that humans have infants that are 5.7% of female body mass, with populations ranging from a low of 4.8% to a high of 6.5% (Table S1 ). There is no overlap between the 95% CIs of any modern human population and those of the great apes.
This result is consistent with previous studies suggesting that humans birth exceptionally heavy neonates (1, 2, 5) . Occasional reports that humans and chimpanzees have more equivalent IMMRs (e.g., ref. 19 ) are based on mixed datasets in which masses of neonatal chimpanzees birthed in captivity are combined with small body mass estimates of female chimpanzees in the wild.
NBM in Extinct Hominids. Ardipithecus ramidus, a 4.4 Myr hominid, is best represented by the female partial skeleton ARA-VP-6/500 (20) . Application of an ape growth model yields a 1.3-kg infant, whereas a human model predicts a 1.0-kg infant. Compared directly with a range of possible FHDs estimated from the acetabulum of ARA-VP-6/500 (equation in ref. 16 using acetabulum values reported in ref. 21) , the NBM 1/3 /FHD ratio in Ardipithecus is in the chimpanzee range ( Fig. 1A) . However, the range of values for both the cranial capacity and the acetabulum of ARA-VP-6/500 yields a ratio with possible values so large as to render this comparison uninformative ( Fig. 1A) . However, the dimensions of a complete talus (ARA-VP-6/500-023) result in an NBM 1/3 /ankle width ratio in the low end of the chimpanzee range ( Fig. 1B ). Using the body mass estimate for ARA-VP-6/ 500 of 50 kg (24), Ardipithecus would have birthed infants that were 2.1% to 3.2% of the mother's body mass, within the range of modern African apes ( Table 2 and Fig. 2 ). These data support the hypothesis that a low IMMR is the primitive condition for the African hominids.
Data for Australopithecus, however, do not support the hypothesis of an apelike IMMR in hominids by the late Pliocene. Based on 12 adult crania (Table S5) , the neonatal brain mass estimate is 170 g, and the NBM is estimated to be approximately 1.7 kg by using an ape model of brain development ( Table 2 ). This ape model is likely to be correct for Australopithecus given the evidence that a more human-like pattern of prenatal brain growth may not have been achieved until H. erectus (9, 27) or even later (28) . Furthermore, the large neonatal brain in humans is supported in part by increased levels of infant body fat, thought to be related to a high quality diet not adopted by hominids until the genus Homo (29) . Compared directly with the FHD of presumed female specimens from Ethiopia (Australopithecus afarensis) and South Africa (Australopithecus africanus; Table S4 ), Australopithecus infants are proportionately large compared with chimpanzee values (Fig. 1A) . In fact, only 0.8% of the resampled chimpanzee values exceeded the average ratio in Australopithecus, and only the very lowest neonatal body size estimates for Australopithecus yielded NBM 1/3 /FHD ratios that could be sampled from a population of modern chimpanzees. Even then, only 16.9% of the 5,000 resampled combinations yielded such values. Only if an intermediate model (i.e., an average of human and chimpanzee brain development) is used does the ratio in Australopithecus become more chimpanzee-like. Even under these unlikely conditions of prenatal brain growth, the possibility of sampling the Australopithecus NBM 1/3 /FHD average from a chimpanzee population is still only 12.7%. The femoral head of Australopithecus, however, may be small because of the exceptionally long lever arm of the hip abductors and the resulting small joint reaction force at the hip (30) . Therefore, another weight-bearing joint, the ankle, was examined.
Compared with the mediolateral width of the ankle joint (tibia or talus), Australopithecus newborns were quite heavy ( Fig. 1B) . The average NBM 1/3 /ankle width ratio in Australopithecus can be sampled from a chimpanzee population only 0.1% of the time, and only 3.3% of the time even when the smallest NBM esti- The difference between Australopithecus and chimpanzees is even more extreme in the ankle joint (B), and in this case the Ardipithecus value (from the talus) is more secure and falls within the chimpanzee distribution. In each figure, the dark line is the average, with the shaded box illustrating the 95% CI for the estimate of NBM 1/3 divided by the femoral head (A) or the ankle width (B). Recently, data from an undescribed skull and postcrania (two femora, a tibia and talus) from A. afarensis were published (22, 23) . Incorporation of these data into this study would barely alter the likelihood of sampling mates are used. If the intermediate human/chimpanzee model is used, the likelihood of sampling an Australopithecus NBM 1/3 /ankle width ratio from a modern chimpanzee dataset is only 2.4%. These data, acquired by comparing a range of NBM estimates to direct measures of female Australopithecus postcrania, suggest that the IMMR in Australopithecus was, on average, significantly higher than what is found in modern chimpanzees. Given that the FHD and the mediolateral width of the ankle joint have been used to estimate body mass in female hominids (14) , it is not surprising that IMMRs based on female body mass estimates are much higher in Australopithecus than in Ardipithecus, chimpanzees, or gorillas ( Fig. 2) . Applying an ape model of brain development and an average female body mass estimate of 29 kg (14, 24), A. afarensis has an IMMR of between 5.2% and 6.7%. A. africanus exhibits a similarly large ratio (4.9-6.3%). To have a chimpanzee-like IMMR of 3.3%, Australopithecus females would have to have been larger than 50 kg, meaning that mass estimates of Australopithecus females, like "Lucy," would have to have been miscalculated by approximately 70%.
When the near-modern human range of IMMR had been reached by Australopithecus, it remained relatively stable ( Fig. 2) . IMMRs are Australopithecus-like in Paranthropus boisei and Paranthropus robustus and in early members of the genus Homo (Fig.  2 ). However, ratios of postcranial dimensions and NBM estimates are more difficult with early Pleistocene taxa because of small sample sizes and the challenge of definitively assigning isolated postcrania to one of several coexisting hominid taxa. For example, the female body mass in Homo habilis is based in part on OH 8, which may be from P. boisei and not H. habilis (31) , and OH 62, which does not preserve any weight-bearing joints (32) . The ideas presented in this study should therefore be revisited when taxonomically unambiguous female postcrania from the Pleistocene are recovered.
Early Homo may be best represented by the remains from Dmanisi, Georgia. Neonates of this population are calculated to have been approximately 2.0 kg, with 225-g brains. Body size estimates of the Dmanisi females are approximately 40 kg (33), and thus the infants would have been approximately 5% of the mother's body mass. Because H. erectus is a widespread, evolving lineage, it is necessary to subdivide this species into spatiotem- (Table S2 ). This neonatal brain estimate suggests an NBM of 2.3 kg, and a 6.7% to 7.0% IMMR using a human model. An ape model yields a highly unlikely 2.8-kg infant and an IMMR in excess of 8%. If the Gona pelvis is from H. erectus, then this species was at least occasionally birthing relatively heavy infants on the high end of the modern human IMMR range. Alternatively, the Gona pelvis may not be from H. erectus, and may instead be from P. boisei (16) . If so, calculations of neonatal brain volume in P. boisei of 186 cc ( Table 2 ) together with a birth canal that could accommodate an approximately 300-cc brain (10) , suggests that birth would have been a relatively easy process in paranthropines. The Gona pelvis thus presents two equally interesting, but exclusive, possibilities: either the Gona pelvis provides evidence that H. erectus was at least occasionally birthing proportionately heavy infants with an IMMR on the high end of the modern human range, or P. boisei has a relatively voluminous birth canal that allowed for an easy birth process. Whichever scenario proves to be correct, the data presented here suggest that H. erectus possessed a high IMMR. Hominids continued to birth proportionately large infants through the middle Pleistocene to Homo sapiens ( Table 2 and Fig. 2 ). The hypothesis that Australopithecus had a chimpanzee-like IMMR is not supported by the data presented in this study. By 3.2 Myr and perhaps earlier, females of the genus Australopithecus were giving birth to relatively large infants, approximately 5% to 6% of their own body mass, indicative perhaps of a grade shift from an Ardipithecus-like ancestor (Fig. S1 ). The findings of this study are supported both by comparing NBM estimates to female body mass estimates, and by comparing them directly to measures of female Australopithecus postcrania. Importantly, even the very lowest estimates of the IMMR for Australopithecus (4.0%), calculated by using the lowest NBM estimates and a modern human brain development model, fall outside the 95% CI for modern apes. To further test the validity of the methods used in this study, chimpanzee NBMs were "calculated" from adult chimpanzee cranial capacities, instead of using chimpanzee newborn masses directly. This was done to mimic the procedure being used to calculate Australopithecus NBM from adult cranial capacity. These estimates of body mass were resampled with chimpanzee femoral head and ankle dimensions and the results mirror those illustrated in Fig. 1 (Fig. S2 ).
An important caveat is that hominid body masses are based not only on a small number of often taxonomically ambiguous fossil specimens, but also contain large CIs (14-16). However, body mass estimates of female hominids would have to have been grossly and systematically underestimated from Australopithecus right through to late Pleistocene H. sapiens for the ratios calculated in this study to be more chimpanzee-like than human-like. Additionally, these results are corroborated by direct comparisons made on the postcranial skeletons of Australopithecus, which showed significantly larger [NBM] 1/3 /FHD and [NBM] 1/3 /tibial plafond width ratios than the resampled range calculated for modern chimpanzees.
The surprising finding that Pliocene hominids were birthing proportionately heavy infants can be explained by two fundamental differences between Australopithecus and modern chimpanzees. First, Australopithecus had both relatively and absolutely larger brains than modern chimpanzees (Table S6 ). Because of the slightly larger adult brains of Australopithecus, these hominids would have had infants with larger brains than the infants of chimpanzees given the strong correlation between neonatal and adult brain mass (9) , and therefore slightly larger bodies as demonstrated in this study. Second, Australopithecus females were smaller than female chimpanzees. Australopithecus females are estimated to have been between 29 and 33 kg (14, 15) , below the 34 to 46 kg range reported for wild female chimpanzees (34) and the 44 to 61 kg range of captive female chimpanzees (18) (Table  S1 ). Direct comparisons of adult cranial capacity to femoral head and ankle dimensions reveal significant differences between female chimpanzees and Australopithecus (Fig. S2 ). These two known differences between Australopithecus and modern chimpanzees result in a significant IMMR difference that aligns the Australopithecus more with the modern human condition than with the African ape condition. Only later, in the genus Homo, did both brain size and body size increase. However, because these occurred more or less concurrently, the IMMR remained unchanged ( Table  2 and Fig. 2 ).
Implications for Large Neonates in Human Evolution. These findings have several important implications for reconstructing early hominid locomotion, social systems, obstetrics, and energetics. First, chimpanzees are skilled and frequent tree climbers. The females have little difficulty ascending a vertical substrate even while carrying an infant because of the relatively small size of the infant, and because of the grasping halluces keeping both the infant attached to the mother and the mother to the tree (Fig. S3 ). The postcranial anatomy of A. afarensis and A. africanus is largely inconsistent with frequent and skilled tree climbing (e.g., refs. [35] [36] [37] , although these hominids may have occasionally taken refuge in trees and there may be more locomotor diversity in the genus. The results of this study suggest that females of these two Australopithecus species were transporting proportionately large infants, a situation that would have rendered arboreality a more dangerous activity. This is further exacerbated by the absence of a grasping toe in A. afarensis (38, 39) , the elimination of dorsal riding as an option for infant hominids (40) , and the possibility that body hair was thinning by 3.3 Myr ago (41) . With a limited capacity to grasp, Australopithecus infants may have been parked (42) or actively carried by their bipedal mothers, at times leaving these females with only a single arm free for climbing.
Carrying infants without technological assistance is energetically expensive for humans (43, 44) and nonhuman primates alike (45) . Carrying an infant, without the help of a sling, has been found to increase energetic costs during locomotion in human females by 16% (43) , and thus the costs of carrying an infant may have also reduced the amount of traveling done by female Australopithecus (46) . In addition to infant carrying postnatally, having a proportionately large infant would have resulted in carrying costs during pregnancy itself, and anatomical changes in the lumbar spine of modern human females and of female A. africanus may reflect this (47) . These data also suggest that Australopithecus females were birthing infants that were near the pelvic outlet capacity, as inferred from reconstructions of the A.L. 288-1 Lucy pelvis (48) . The hominid NBMs calculated in this study are larger than some previous estimates (49) , but smaller than others (7) , making the results presented here generally consistent with data used to characterize birth in hominids. Mediolaterally broad outlets in hominid pelves (10, 48) indicate that the modern mechanism of rotational birth may have evolved quite recently (50, 51) . However, given such congruence between neonatal head and body size, and pelvic proportions in Australopithecus, birth may still have been a challenging physiological event (3, 48) , perhaps requiring the assistance of helpers (52) , especially if shoulder rotation during asynclitic birth occasionally caused occiput anterior orientation of the newborn head (53) .
The data presented in this study help reconstruct Australopithecus as a primarily ground-dwelling hominid whose strikingly small females carried proportionately large infants. If additional fossil specimens of Ardipithecus confirm a relatively large female (∼40-50 kg), the body size dimorphism present in Australopithecus may be the result of female body mass re-duction, rather than an increase in male body mass. Small body mass in females may have had important consequences for the social structure of Australopithecus.
By applying Australopithecus brain mass (n = 12) to the equation provided by Garwicz et al. (54) , it can be inferred that Australopithecus babies would have been relatively immobile and unable to walk on their own for the first 6 to 7 mo of their lives. The NBM predicted in this study may serve as a proxy for overall relative body size in the first year of life given that, by 1 y, chimpanzees still weigh only 8.6% the mass of the mother (n = 9; infant:mother dyads from YNPRC), whereas human babies are approximately 14% of the mother's mass (55) . During this first year, a female Australopithecus would have faced the challenge of obtaining nutrients to sustain herself and to breast-feed a growing infant, and would have benefited from the help of pair-bonded males (56) (57) (58) , older children or siblings (59) , or a combination of all these (60) . If having proportionately large infants led to alloparenting or an increase in male parental care in Australopithecus, it would be in stark contrast to behavior exhibited by female apes who rarely will share their infants with other members of the group during the first several months following birth (reviewed in ref. 60 ). The contribution of grandmothers would probably have been negligible in Australopithecus given the likelihood of female transfer and evidence that extended lifespans did not evolve until H. erectus (61) or even later in Pleistocene H. sapiens (62) . There are comparative data to support the connection between a large IMMR and increased male parental care and/or alloparenting. It has been shown in primates, for instance, that birthing of relatively large neonates is correlated with shared postpartum care (63) . However, this study focused on primates with male transfer, and the relationship between IMMR and alloparenting is not supported when phylogenetic controls are used (64) . Yet, comparative data from carnivores indicate that taxa that produce larger litters engage in more cooperative care of the pups (60; using data from ref. 65) . Increased parental care is also correlated with litter size in some rodents (66) and clutch size in some species of fish (67) and birds (68) . Allomothering in primates allows for fast postnatal growth, a reduced weaning age, and therefore a reduced interbirth interval (64, 69) , life history features that distinguish humans from the other great apes. The data presented in this study therefore suggest that the increased levels of shared infant care critical to infant survival in modern humans could have its roots in the genus Australopithecus, rather than our own genus Homo.
Conclusion
Although many life history changes first appear in the genus Homo, human-like patterns of infant:mother mass first evolved in the Pliocene genus Australopithecus. These surprising results help reconstruct the paleobiology of Australopithecus as a primarily terrestrial hominid perhaps with more shared parental care than what is found in modern great apes.
Materials and Methods
Data from 415 chimpanzee births were obtained from the YNPRC. Fortyseven of these included mass data for both the infant (within 2 wk of birth) and mother. The average chimpanzee neonatal mass (1,733 g) is near the value found in other studies (17, 18, 70) . Although adult female wild chimpanzees are not as heavy as those reported in this study (34) , immature wild chimpanzees are also smaller than laboratory-born chimpanzees of a similar developmental age (71), consistent with findings that birth weight is correlated with mother's mass in humans (72) and nonhuman primates (73) . Mixed datasets obtained from different sources should be avoided when calculating the IMMR, and thus until neonatal birthweights of wild chimpanzees are known, these captive data are a reasonable alternative. Human neonatal and adult female masses were obtained from the literature (Table S1 ) and used to calculate the IMMR. Data on specific infant:mother dyads (N = 2,607) were obtained from the Cebu Longitudinal Health and Nutrition Survey (http://www.cpc.unc.edu/projects/cebu).
Adult hominid cranial capacities (n = 61) from literature sources (Table S5 ) were used to calculate neonatal cranial capacities using the following regression equation: log ðneonatal brain volumeÞ ¼ 0:7246 Ã logðadult brain volumeÞ þ 0:3146 [1] Ranges of neonatal brain size were calculated from the 95% CI of this regression equation (9) . These cranial capacities were converted to masses using conversions from Ruff et al. (25) and Hofman (26) , which, together with the 95% CI, generated a range of likely neonatal brain masses ( Table 2 ). NBMs were calculated using an ape model (brain 10% of body mass at birth), a human model (brain 12.3% of body mass at birth), and an intermediate model (average of human and chimpanzee models). These brain:body percentages were calculated using data from YNPRC and published sources (Table S3 ). IMMRs were calculated for extinct hominid species by dividing the range of NBMs by estimates of female body mass by using data from the literature on hominid adult female body masses (14) (15) (16) 74) . Because of the populationlevel differences in modern humans (Table S1 ), effort was made to examine specific fossil assemblages (Dmanisi, Atapuerca, Skhul-Qafzeh), although these sites may still be sampling from a large time frame. Species for which only single cranial capacities are available (e.g., Australopithecus sediba) were not included in this analysis, with the exception of Ar. ramidus. The entire range of IMMRs, using a chimpanzee model and a human model, was calculated for each fossil taxon and reported in Table 2 and Fig. 2 . Because there is great uncertainty in calculating female body masses of extinct hominids, NBM estimates were also compared with direct measurements of postcrania in chimpanzees and in Australopithecus by using resampling statistics.
Resampling statistics have been used in a variety of paleoanthropological studies to best handle the inherent problem of small sample sizes in the fossil record (e.g., refs. 9, 62, 75). A. afarensis and A. africanus have statistically indistinguishable adult cranial capacities ( Table 2 ; Table S6 ) and nearly identical postcranial dimensions (Table S4) , and were thus treated collectively. Twelve Australopithecus crania (Table S5 ) were used to calculate NBM estimates as previously described. These were compared directly with postcranial fossils (Table S4 ) at the University of Witwatersrand and the Transvaal Museum (A. africanus) and casts of A. afarensis at the Cleveland Museum of Natural History and Harvard Peabody Museum. The FHD was measured as the maximum superoinferior or anteroposterior dimension of the head. The tibial plafond width was measured as the mediolateral dimension of the talar facet at the midpoint of the joint, and similarly the mediolateral width of the midpoint of the talar trochlea was measured. Acetabulum dimensions were converted to FHDs by using the equation in the publication of Ruff (16) . Fossil tali were converted to tibial dimensions by using an reduced major axis regression generated from 79 associated human tibiae and tali measured for another study (76) (y = 0.9887 × +0.7606). The mediolateral width is a reasonably proxy for body size because size standardized values of this measurement are not phylogenetically or functionally informative in humans or apes (76) . The smaller half of the Australopithecus femoral sample was assumed to be female. In two samples of modern human femora of known sex but from different populations, the smallest 93.3% (n = 28 of 30) were female, and 89% of the smaller halves of the tibia were from the female. The mean FHD of the presumed females (n = 7) was divided into the cube root of the Australopithecus NBM estimates generated as described earlier. The same approach was used for the ankle joint, although the smallest 58% was used to be sure that half of the specimens from Hadar were included as female (Table S4) .
Chimpanzee NBMs were obtained from the YNPRC (n = 50), and the cube root was taken of each. FHD was taken on adult female chimpanzees (n = 46) at the Cleveland Museum of Natural History, American Museum of Natural History, and Harvard Museum of Comparative Zoology; mediolateral width of the tibial plafond was taken on adult female chimpanzees (n = 20) from those same skeletal collections. Resampled distributions were calculated in the following manner: 12 NBM 1/3 were resampled with replacement and the mean calculated. Seven chimpanzee FHDs were randomly resampled with replacement and a mean was calculated. These two means were used to calculate a single NBM 1/3 /FHD number. This process was then repeated 5,000 times and a distribution of chimpanzee NBM 1/3 /FHD means was compiled (Fig. 1A) . The mean NBM 1/3 /FHD for Australopithecus (ranges determined by 95% CI of neonatal body mass) was then directly compared with address the likelihood of sampling an Australopithecus-like mean from the range of chimpanzee mean values. The same process was repeated using the tibial plafond width (n = 7) rather than the FHD (Fig. 1B) .
ACKNOWLEDGMENTS. I thank S. Hrdy for helpful discussions and for the inspiration to conduct this study. I am grateful to W. Hopkins and J. Schaeffer for access to chimpanzee birth data from the Yerkes National Primate Research Center, and to E. Miller for help finding the Cebu Longitudinal Health and Nutrition Survey data. Thanks to L. Jellema, J. Chupasko, J. Spence, Y. Haile-Selassie, M. Morgan, and D. Pilbeam for access to skeletal and cast col-lections. B. Zipfel and the University of Witwatersrand fossil access committee permitted study of Au. africanus postcranial fossils, as did S. Potze and F. Thackeray at the Transvaal Museum. Thank you to Z. Alemseged for comments on a draft of this paper. I am quite grateful to the editor and anon-ymous reviewers whose insightful critiques helped make this a stronger contribution; and to E., B., and J. DeSilva for making me wonder about Australopithecus infants and mothers. Part of this research was supported by a grant from the Leakey Foundation.
Supporting Information
DeSilva 10.1073/pnas.1003865108 Fig. S1 . In catarrhine primates, there is a strong allometric relationship between the mass of the mother and the mass of the infant (n = 51, R 2 = 0.96 using reduced major axis regression). However, neonatal body mass scales with negative allometry (m = 0.70), resulting in larger primates having proportionately smaller infants and smaller primates having proportionately larger infants. The IMMR is thus quite high in small primates. Here it can be seen that the high IMMR in Australopithecus is not solely an allometric effect of small female body mass. Instead, Australopithecus infants are larger than expected given the estimated female body mass and thus represents a grade shift in the human lineage. This trend continues in Paranthropus and into the genus Homo. H. erectus and late Pleistocene populations (Atapuerca and Skhul-Qafzeh) fall near or within the regression line drawn through modern human populations (n = 24; R 2 = 0.70; m = 0.68). Fig. S2 . To test the reliability of the methods used in this study, chimpanzee neonatal body masses were calculated from adult cranial capacity in the same manner that Australopithecus infant masses were calculated. Adult cranial capacities (n = 114) were converted to neonatal cranial capacities using the regression found in DeSilva and Lesnik (1) and used throughout this study. The resulting estimated neonatal brain mass of 151.8 ± 10.9 g is almost identical to the 152.8 ± 16.6 g measured from actual chimpanzee infants (n = 20; Table S3 ). Using the chimpanzee ratio of 10% of body mass comprised of brain tissue at birth, infants are estimated to have been 1,518.4 ± 109.6 g, slightly smaller than the 1,766.0 ± 369.1 g (n = 68) reported in this study. This suggests that this method of estimating Australopithecus infant mass is conservative and, if anything, underestimates the mass of neonatal hominids. These calculated chimpanzee infant masses were then resampled with FHDs (A) and tibial width measurements (B) 5,000 times to generate a distribution of likely values. Australopithecus is quite unlike chimpanzees, possessing estimated neonatal body masses significantly larger relative to lower limb dimensions. Even the very smallest estimates of neonatal body mass in Australopithecus can be sampled from a chimpanzee distribution only 0.2% (femoral head) or 0.04% (tibial plafond) of the time. The assertion in this study that Australopithecus was birthing proportionately larger infants than what is currently found in African apes is a function of two differences between these taxa: (i) Australopithecus has a larger cranial capacity and (ii) Female Australopithecus were smaller than female chimpanzees. In C and D, these parameters are compared directly, without the use of regression analysis. To generate this distribution, 12 chimpanzee cranial capacities were randomly selected from a larger pool (n = 114), and the cube root of the average calculated. This value was divided by both the average of seven randomly chosen FHDs and seven randomly selected tibial plafond widths. These numbers were chosen to mimic the available fossil material for Australopithecus. This process was repeated 5,000 times to generate the range of distributions in C and D. The average value for Australopithecus is shown as a dark black line, with the 95% CI shown as the shaded box. The minimum and maximum potential values for all Australopithecus are indicated with the whiskers. These data show that even the very smallest Australopithecus cranium combined with the very biggest lower limb dimensions from a likely female would still be barely sampled in a chimpanzee population. 1 . DeSilva JM, Lesnik JJ (2008) Brain size at birth throughout human evolution: A new method for estimating neonatal brain size in hominins. J Hum Evol 55:1064-1074. Fig. S3 . A female chimpanzee of the Ngogo community in Kibale National Park, Uganda, vertically climbs with her infant. Both the grasping toe of the infant, and the small IMMR, permit female African apes to climb with limited risk. Australopithecus females, in contrast, had a high IMMR and lacked the grasping hallux, suggesting that they remained mostly terrestrial. These data also suggest increased alloparenting and/or shared parental care in Australopithecus, a behavior rarely observed in the African apes. Photo courtesy of K. Langergraber. Although individuals were not listed, and therefore statistical testing is not possible, Tobias (4) reports a nearly identical mean chimpanzee cranial capacity of 383.4 cc [n = 363, including data from Zuckerman (1)]. Cranial capacities of hominins from (5) (6) (7) (8) (9) . Resampling likelihood calculated by resampling the same number of Australopithecus crania being examined (n = 4 or n =12) from the Yerkes or Zuckerman (1) chimpanzee population with replacement and calculating the mean. This was repeated 5000 times. The probability of sampling an Australopithecus-like mean from that chimpanzee distribution was then assessed and reported in the far right column. *Conversion from cc to g using Hofman (2) . † 
